Background The objective of this study was to formally investigate the onset of the Seascale cluster of childhood and young person's cancer. This has not previously been attempted.
Introduction
For many years there has been concern that childhood cancer rates may be raised in the vicinity of nuclear installations in Britain. [1] [2] [3] [4] [5] These concerns began with the discovery of an apparent excess of childhood leukaemia in the village of Seascale, which is close to the Sellafield nuclear site in Cumbria. Many detailed investigations subsequently examined whether the Seascale excess was related to radiation exposure 1, 6, 7 or to other characteristics of the population of the area, such as its unusual patterns of population mixing. 8 Studies of childhood leukaemia and cancer risks in other areas have found that risks are increased in populations of high socioeconomic status 9 and in isolated communities, 10 both of which are features of the population in the area surrounding Sellafield.
Most of the investigations into the Seascale excess have focused on cases that occurred after 1963, when the plant was fully operational. 6, 8, 11 Although earlier cases have been noted, the origins of the Seascale excess have never been formally investigated. In view of current interest in hypotheses of population mixing 8, 12 and anecdotal reports of case excesses in Seascale before 1940, it is timely to consider exactly when and how the case excesses originated. Establishing when the excess began, or indeed whether it has always been a feature of the population of this area, would add to the debate surrounding whether it is directly associated with the presence of the nuclear installation at Sellafield or related to other events, such as population mixing.
The Sellafield site has a long and complicated history of development. 1 During the second world war a TNT factory was constructed in late 1941 and continued production until late 1945. 13 Construction of the Sellafield (Windscale) nuclear plant began in September 1947, its first two nuclear reactors went critical in 1950 and 1951, and its spent fuel reprocessing plant began operation in 1952. The first two nuclear reactors were shut down in October 1957, following a fire, and the Calder Hall (Magnox) reactors were brought into operation between 1956 and 1958, with a prototype advanced gas-cooled reactor operating after 1963. In 1968 the spent oxide fuel storage plant became operational, and the original spent fuel reprocessing plant was closed in 1969, after a second reprocessing plant had come into operation in 1964. A fast reactor fuel fabrication plant began operations in 1970.
In the study reported here we have examined cancer mortality in the period . During most of this period there was no comprehensive system of cancer registration, and so it was not possible to use cancer incidence. Cancer survival during this period was generally short, particularly in children, as the improvements in treatment that result in increased survival for some cancers did not begin until the late 1960s. Thus any patterns seen in cancer mortality over the period should be a good reflection of actual variation in the incidence of the disease.
This study takes data from the Whitehaven registration district but pays particular attention to the two populous civil parishes closest to the present Sellafield site, namely Seascale and Gosforth, both small village settlements surrounded by agricultural land. Seascale developed as a Victorian railway residence in the second half of the 19th century, whereas Gosforth is an ancient nucleated settlement, the centre for a scattered rural community.
Methods

Areas and years examined
Our objective was to examine trends in cancer mortality in the immediate vicinity of the Sellafield site, over the period . No Census population estimates were available for the Whitehaven registration district for 1901 and so we restricted our analyses to mortality in the period 1906-1970. We took the Whitehaven registration district of Cumbria as our study area, extending from Whitehaven and Distington civil parishes in the north to Gosforth and Seascale in the south (roughly equivalent to the pre-1974 local authority district of Ennerdale rural district).
Mortality data
Copies of death certificates were obtained from the Office for National Statistics (ONS) for all deaths registered in the Whitehaven registration district of Cumbria in the years 1906-1970. Causes of death were coded into the following categories: leukaemias (ICD9 204.0-208.9); 14 lymphomas (200.0-203.8); other cancers (140.0-199.1); non-cancers (all other causes of death). Deaths were grouped according to the civil parish at the time of death, into three distinguishable areas -Gosforth, Seascale and the rest of Whitehaven registration district. The hamlet of Sellafield existed before the factory was built and in the second world war was the site of a TNT factory. Deaths allocated to Seascale civil parish included some 75 deaths where the place of residence was given as Sellafield. Of these deaths, four were deaths caused by cancer (gastric, rectum, bladder and cancer (site not specified)) that occurred in people aged 55 years or more. These cases are analysed as part of Seascale civil parish.
Population data
Information about population sizes in the Whitehaven registration district was obtained from the relevant Census publications for the years 1911, 1921, 1931, 1951, 1961 and 1971 
Statistical analyses
Mortality rates were calculated as annual rates per 100 000 person-years, directly standardized (using 5 year age groups) to the European population for the year 1976. Standardized mortality ratios (SMRs) for each 10 year period were calculated as 100 ϫ observed deaths/expected deaths, where the expected number of deaths was estimated by multiplying the age-and sex-specific mortality rates for each 5 year age group of the total Whitehaven registration district over the whole period 1906-1970 by the number of person-years in the age-sex stratum of the population being investigated, and then summing over the age range required. Because of the small case numbers the tests of significance are important. Calculation of 95 per cent confidence intervals and tests of significance for SMRs used Byar's approximation. 15 To allow comparison with previous studies of cancer in young people in Cumbria we used the age groups 0-14 years (childhood) and 0-24 years (young people), and also investigated mortality for ages 25-84 years. The upper age limit was chosen to minimize possible problems of misclassification of causes of death in the elderly. Standardized rates and SMRs were calculated for Gosforth civil parish, Seascale civil parish, and for the rest of Whitehaven registration district.
Results
Over the period 1906-1970 there were 47 954 deaths under 85 years of age in the Whitehaven registration district. The numbers of deaths from leukaemias, lymphomas, other cancers and non-cancers are shown in Table 1 for the three areas of Gosforth, Seascale and the rest of Whitehaven registration district, by age group and by 10 year period. There were no cancers in Gosforth civil parish under the age of 25 over the entire period 1906-1970 and hence we do not discuss this parish further.
Age-standardized annual cancer mortality rates are shown in Table 2 for ages 0-24 years. Before the period 1946-1955 there were no cancer, leukaemia or lymphoma deaths in Seascale civil parish. Then in 1946-1955 there were high rates for lymphomas and other cancers (18 per 100 000 person-years (py) and 39/100 000 py, respectively, based on one and two cases) and for leukaemias in 1956-1965 (24/100 000 py) and in [1966] [1967] [1968] [1969] [1970] (21/100 000 py), based on two and one cases, respectively, when compared with the rest of Whitehaven registration district, i.e. excluding Gosforth and Seascale civil parishes (1, 3, 2 and 2/100 000 respectively). The cancer rates for Whitehaven registration district as a whole were generally similar to those seen in England and Wales in the years 1911-1970. 16 Table 3 shows cancer deaths for ages 0-24 years expressed as SMRs. Although the numbers are small, and the associated confidence intervals are wide, the excesses of other cancers and Other cancers 1906-15  0  0  15  0  0  2  11  15  479  11  15  496  1916-25  0  0  5  0  0  8  14  19  577  14  19  590  1926-35  0  0  11  0  0  3  2  9  735  2  9  749  1936-45  0  0  4  0  0  11  2  5  801  2  5  816  1946-55  2  2  10  0  0  11  4  7  876  6  9  897  1956-65  0  0  10  0  0  11  0  6  1066  0  6  1087  1966-70  0  0  10  0  0  7  2  5  761  2  5  778 Non-cancers 1906-15  12  13  37  21  24  73  3578  4010  4553  3611  4047  4663  1916-25  7  9  51  17  20  61  2692  3154  4375  2716  3183  4487  1926-35  2  3  56  9  10  69  1577  1959  4257  1588  1972  4382  1936-45  2  4  58  6  7  77  916  1198  4559  924  1209  4694  1946-55  2  3  76  6  6  57  491  626  4406  499  635  4539  1956-65  2  5  61  0  1  60  255  314  4797  257  320  4918  1966-70  2  2  32  0  0  30  202  247  2923  204  249  2985   All deaths  1906-15  12  13  52  21  24  75  3589  4025  5040  3622  4062  5167  1916-25  7  9  56  17  20  69  2708  3176  4960  2732  3205  5085  1926-35  2  3  67  9  10  72  1581  1971  5005  1592  1984  5144  1936-45  2  4  62  6  7  88  924  1212  5374  932  1223  5524  1946-55  5  6  88  6  6  68  501  641  5310  512  653  5466  1956-65  4  7  72  0  1  71  258  325  5903  262  333  6046  1966-70  3  3  42  0  0  37  207  257  3723  210  260 1 and so was not included in our analysis. All the cancer deaths seen in young people in Seascale civil parish occurred below the age of 15 years. Cancer mortality in this age group showed the same pattern of significant excesses as described above for ages 0-24 years, but with more extreme rates and SMRs (details not shown).
The age-standardized annual cancer mortality rates and SMRs for people aged 25-84 years were also examined. In this age group, rates for other cancers in Seascale civil parish were Table 4 ; both show very similar values for the periods 1941-1971, indicating close agreement between the two sets of estimates. Table 5 gives a summary (as of 1999) of all known cases of cancer in those aged under 25 in Seascale civil parish from 1906 to 1996. A further case has occurred since 1996 in a child aged under 15 with a CNS tumour. 
Discussion
This present analysis is unique in several ways. Previous studies have concentrated on patterns of cancer incidence and mortality observed since the Sellafield plant began operating, particularly directed toward the period of greatest radionuclide discharges. 1, 6, 11 This is the first detailed investigation that extends back before 1940, the period before the Sellafield nuclear plant and its predecessor the TNT plant were built. From an examination of the causes of death of people in Whitehaven registration district over the period 1906-1970 we found no deaths from cancer in young people in Seascale civil parish before the 1950s. Then, in 1954, there were two deaths from cancers other than leukaemia and lymphoma, representing a significant excess for the period 1946-1955 but one case being diagnosed elsewhere.
In 1956-1965 there was a significant excess of leukaemia, involving two deaths, one in 1956, the other in 1960. Deaths in young people in the rest of Whitehaven registration district showed no significant changes in cancer mortality over the period , and were generally similar to those seen in England and Wales. 16 Cancer mortality in older age groups were unremarkable in all areas studied. Despite its close proximity to the Sellafield site and Seascale village, no occurrence of cancer was noted in children or young people from the Gosforth civil parish.
We have noted the increases in population in Seascale parish between the 1951 and 1961 Censuses, and were concerned that using a 10 yearly estimate of population size from the Census, and assuming a linear increase in population in the years between, may not have accurately reflected the changes in population occurring in the Seascale area. We were particularly worried that underestimation of the population in Seascale could have produced artefactually high cancer mortality rates. However, when annual figures obtained from electoral registers were compared with the Census population estimates, they were found to be in close agreement. Assuming that populations in the younger age groups increased in a similar manner, we think it unlikely that the excesses of cancers and leukaemias seen in Seascale in the periods 1946-1955 and 1956-1965 were due to inaccurate population denominators.
Examining our findings, based on these early deaths (alongside studies of cases arising later, 1, 11 and considering the entire series of cases who lived, or were diagnosed or who died in Seascale (Table 5) noted but diagnosed elsewhere). This case was diagnosed outside Seascale and was ill when becoming a village resident. Thus although formally part of the mortality analysis, its significance is unclear. A NHL death in 1955, then one caused by ALL in 1956 and one by AML in 1960, followed these deaths. There was then a gap of 8 years before the next cases occurred, two children with ALL, both diagnosed in 1968, but one of whom did not die before 1970. It has been suggested that the possible causes of the cluster include both ionizing irradiation exposure and population mixing. Because of the many different diagnoses within the cluster any unifying link with radiation is likely to be early in embryo genesis, birth date being a near surrogate for this. There is no evidence to suggest genetic linkages between cases. The first cancer deaths in 1954 were of children born in 1942 and 1948, both births being before operation of the Sellafield nuclear plant had begun and one not diagnosed in the village. The leukaemia excess in 1956-1965 involved one child born in 1947 (before the plant was constructed) and one born in 1957. Of the four cases involved in the significant cancer and leukaemia excesses, two were born before the plant was built in 1947, three were born before the plant was operational in 1950, but all four were diagnosed or died after the first two reactors went critical in 1951. The remaining child was born in 1957, the year of the fire, and was diagnosed with AML in 1960. All children were born in Seascale, except for the two children born in 1942 and 1948 (place of birth unknown). All cases occurred before the period of maximum discharges. Following many detailed investigations it has been concluded that doses received, either as a result of discharges from the plant or from occupational exposure, were small and at the time thought 'unlikely to have contributed to an increase in cancer risk'; 13 such observations were based on extrapolations from recorded cohort data of atomic bomb survivors, etc. and thus incorporate all the known and postulated mechanisms of genetic change. It is not known, however, in the period before the plant becoming operational, what opportunities for exposure to ionizing irradiation existed, although it is more than likely that nuclear material was on site.
The situation regarding population changes involving either mixing or increasing or both is a complex one. It has been proposed that areas that experience extreme levels of mixing, resulting in the bringing together of infection carriers and susceptibles, have raised rates of leukaemia and lymphoma (but not solid tumours) in young people. 8, 12 There is good documentary evidence to confirm that a significant population of construction workers and explosives manufacturers, some with their families, were in the neighbourhood since 1941 at both Seascale and the Sellafield site. Large numbers of people were taken daily to the site from surrounding villages, and houses were built at several sites (including Seascale) as married quarters. 13 Unfortunately, no records of the exact number of workers exist, but between 1942 and 1945 several thousand workers were at the Sellafield and the neighbouring Drigg sites and married workers (presumably with children) were housed in Seascale (24 houses) and at the site itself (196 houses). Thereafter in the post-war period, information from electoral registers (Figure) shows that the period of maximum population influx to Seascale was from 1948 to 1950, when the number of electors rose from 523 to 937 (an average increase of around 34 per cent per year). From 1950 to 1970 the population increased from 937 to 1610 people, climbing steadily at around 3 per cent per year.
Clearly, the area around the Sellafield plant has undergone significant and sustained population changes since the early 1940s and later, when construction as a nuclear site began in 1947. However, the excess cancer deaths (and incidence) all occurred after the period of greatest population change, and the early excesses involved cancers other than leukaemias and lymphomas and so could not easily be attributed to the population mixing hypothesis, on the basis of data published so far. Similarly, the population-mixing hypothesis would not be of assistance in explaining why the tenfold cancer excess persisted for so long despite a relatively slow increase in population after 1950. However, an analysis of the annual electoral registers shows that the population turnover in Seascale parish was high relative to that in Gosforth parish until the mid-1960s, after which point Gosforth's population became more changeable than that of Seascale (unpublished observation).
Significant future implications arise from the present analysis. It highlights the need to know more of the consequences of population mixing with respect to solid tumours. Also, the fact that a previously unknown case has been identified will necessitate a re-examination of the whole cluster and may mean that (as well as ALL and lymphomas) a statistically significant excess of solid tumours will be found to have occurred.
The entire series of Seascale cases from 1906 to 1996 includes six ALL, five NHL, five solid tumours and four other malignant haematological conditions (Table 5) . Our results highlight the fact that ALL is a minority component of the early Seascale cluster, and ALL (rather than all leukaemias) did not show statistically significant excesses until after the time period of this study. They also raise the issue again of whether it makes sense epidemiologically to link ALL and NHL. Both conditions span the cluster time frame and have been traditionally linked together, despite profound differences in pathogenesis and epidemiology. Some diagnostic uncertainties occur between the rare lymphoblastic lymphoma subtype and ALL but most NHL types have been distinguishable from ALL for many years.
It cannot be emphasized too strongly how unusual this case excess truly is, and as far as we are aware, it is unique worldwide. This is because there are no other reports of a group of cancers in children and young adults of a roughly tenfold excess 11 occurring in leukaemias, lymphomas and solid tumours that has lasted over a 40 year period in one small community and not in any neighbouring one. To fully explain the case excesses around Seascale, attention should be paid in the future to each of the diagnostic groups involved, rather than focusing solely on the leukaemias and lymphomas, as has been the case in most previous studies. It is becoming increasingly difficult to create a unified hypothesis to accommodate this prolonged case excess. However, although seriously considering a multiple aetiology hypothesis, in seeking a unified hypothesis it must also be stated that it is likely that most childhood cancers originate (at least as the first mutational event) in utero. 18 If this is the case with the Seascale case mix, there would have to be mutational events in pluriopotent cells, probably very early in embryonic development. The implications of these speculations have not yet been investigated.
